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The spin relaxation time in the normal state of Al ( N ) has been intensively studied with measured values ranging from 0.1 to 10 nsec depending on the film thickness and quality [15] [16] [17] [18] . However, the experimental situation for the superconducting (SC) state is less clear with one group inferring a shorter spin lifetime in the SC state 19 than in the normal state and others assuming that the spin lifetime is unchanged 20, 21 . Theoretically, it is anticipated that  S should be increased because the group velocity of quasi-particles injected into the bottom of the quasi-particle conduction band just above the superconducting energy gap, is small, thereby leading to reduced interaction probabilities. This can be restated more clearly as being a result of the spin-bottleneck to quasi-particle relaxation due to spin-charge separation 22, 23 at the energy gap edge, where the quasi-particles have only spin and no charge, leading to reduced spin-orbit scattering and therefore an enhanced spin relaxation time 24 .
Experiments on the interplay between spin accumulation and superconductivity have been carried out by two groups using single electron transistor (SET) devices consisting of small Al islands electrically connected on their top surface by closely and laterally spaced ferromagnetic Co nanowire electrodes 20, 25, 26 . However, the SET experimental configuration has led to controversy over their interpretation due to magnetic fringing fields from the Co 21, 26, 27 . The effect of fringing fields on the superconducting properties is especially important for thicker SC Al layers 28 . Here we use a vertical geometry and planar tunnel junctions with large areas ~700  700 m 2 so that fringing fields from the Co 70 Fe 30 ferromagnetic (F) electrodes are negligibly small.
Large areas are also used so that the tunnel barriers, formed from MgO, could be as thick as possible to ensure the absence of any exchange proximity effect on the superconducting Al layer from the F electrodes. The double tunnel junction (DTJ) 4 devices were fabricated by dc magnetron sputter deposition using a series of four in-situ shadow masks to form a junction, as schematically shown in Fig. 1c . The direction of the magnetization of the lower F electrode was fixed using exchange bias from an IrMn antiferromagnetic layer on which the F layer was deposited. The exchange bias field was ~1500 Oe for the temperature range of interest (~ 0.25-2.5 K). Thus, the moment of the upper F electrode could be independently oriented parallel (P) or antiparallel (AP)
to the lower electrode's moment in small magnetic fields (~ 300 Oe) to create well defined magnetic configurations of the DTJ. These magnetic fields also serve to negate the effect of any small perturbing orthogonal in-plane magnetic fields which might arise from, for example, inhomogeneities in the magnetization of the electrodes.
Such fields could otherwise depolarize the accumulated spins especially for very long spin lifetimes (see Methods).
Conductance measurements were carried out in a 3 He refrigerator using standard ac lock-in four-probe techniques for a series of samples in which the MgO and Al layer thicknesses were varied (see Methods). Typical bias voltage (V) dependences of the conductance in the P and AP states (G P and G AP , respectively) are shown in Fig. 1a for a DTJ with an MgO thickness of ~3.3 nm and an Al layer thickness of 4.5 nm. Data are shown for several temperatures varying from 0.25 K to 2.5 K. The conductance data at 0.25 K show evidence for a high quality superconducting tunnel junction with a well defined superconducting energy gap. A distinctive feature of these data is that the superconducting energy gap is slightly smaller for the AP as compared to the P magnetic configuration. The difference between the SC energy gaps in the AP and P states ( AP and  P , respectively) decreases with increasing temperature. The data also show a reduced quasi-particle peak intensity near V/2 ~   AP /e for the AP state. From the 5 difference in the conductance curves we can define a tunneling magnetoresistance, TMR (G P  G AP )/G AP , which is plotted in Fig. 1b A ferromagnet in direct contact with a superconducting layer causes suppression of the superconductivity through the exchange interaction at the interface 4, 6, 7 . When superconducting layers, thin compared to their corresponding coherence length, are sandwiched between F layers, it has been found that T c (as inferred from resistance versus temperature measurements) is suppressed for both P and AP configuration of the F layers but that the suppression is slightly greater for the P configuration 4, 6, 7 . This is contrary to our results. Indeed, by inserting a leak-proof thick tunneling barrier between the F and SC layers, as in our experiments, the proximity effect can be ruled out 1 .
Our results are consistent with a model in which non-equilibrium spin density is accumulated in the SC layer when spin-polarized current is injected through tunnel barriers from F electrodes in the AP configuration 12 . As illustrated in Fig. 2 no   6 spin-density S P is accumulated in the P configuration but spin density S AP is formed in the SC in the AP state when the spin-relaxation time of the spin-polarized quasi-particles is sufficiently long. This is because the tunneling is spin-dependent: for
CoFe/MgO/Al the tunneling current is strongly majority spin-polarized so that for the symmetric DTJs used here, electrons can readily tunnel into and out of the SC Al layer in the P but not in the AP state (see Fig. 2 ). The magnitude of S AP clearly depends sensitively on the spin relaxation time  S for a given spin injection rate. The lower the spin injection rate the longer the spin relaxation time needed to establish significant S AP .
We will show in the following that the magnitude of  S must be extremely large to account for our data.
The accumulated spin density S in the SC arises from an imbalance between the populations of the up-spin and down-spin quasi-particles, which corresponds to a small shift in their chemical potentials by   from their equilibrium values (see Fig. 2 ). In the presence of spin-orbit scattering of the quasiparticles by impurities or grain boundaries in the SC layer, the accumulated spin density S is given by (see Supplementary Information for details),
where D S (E) is the density of states with the superconducting energy gap 
is the spin-orbit parameter,  0 is the BCS gap at zero temperature, and  N is the spin relaxation time in the normal state. The use of the Fermi distribution function is a good approximation because the energy relaxation time (1 sec) 29 is significantly shorter than the spin relaxation time in the Al SC.
On the other hand, the spin-up and spin-down tunneling currents between each F 7 electrode and the SC layer, which flow by application of the bias voltage V, are proportional to the spin-dependent density of states in the respective layers multiplied by the corresponding tunneling matrix elements 30 . The spin injection rate (dS/dt) inj due to the spin-polarized tunneling current is balanced by the spin relaxation rate (S/ S ) due to spin-flip scattering of the injected quasi-particles by spin-orbit interactions in the SC layer. Thus, the spin accumulations for the P and AP configurations, denoted by P A P and , S S respectively, are given by,
where P is the effective spin polarization of the tunneling current through the double tunnel junction,  AP is the superconducting energy gap in the AP state, and
are the Fermi distribution functions of the left () and right () ferromagnetic electrodes 12 . In the absence of spin relaxation in the SC layer, P is identical to the spin polarization of the tunneling current P measured, for example, in F-I(insulator)-SC junctions using the superconducting tunneling spectroscopy (STS) technique. In the presence of spin relaxation, the effective spin polarization of the tunneling current is reduced and is given by the relation
1 is a spin relaxation parameter which itself depends on both the spin relaxation time  S and the quasi-particle injection rate  t 12,31 . (see Supplementary Information, section 1, for details).
The spin accumulation in the SC layer results in a reduction of the SC energy gap.
The effect of S AP on  AP can be described using a modified gap equation in which the vanishes at low temperatures. The spin-orbit scattering decreases the spin life-time in the normal state. In the superconducting state the Cooper pair condensate is comprised of spin singlets, i.e. spin zero, in the absence of spin-orbit scattering. When the spin-orbit interaction is turned on, the spin is no longer a good quantum number 34 . In the presence of a small external perturbation, such as electrical spin injection (or a magnetic field), some Cooper pairs become virtually excited so as to create quasi-particles. These have a finite spin 38 , which gives rise to a finite spin susceptibility and to spin accumulation at low temperatures. As a result, the spin lifetime becomes extremely long in the superconducting state.
In Fig. 3a-d Fig. 5b and Supplementary Information). As shown in Fig. 5 , we find clear evidence for such a
Hanle dephasing peak in the presence of small perpendicular fields (no peak is observed when 0 H   ). In our experiment, the applied in-plane fields H 1 and H 2 are not exactly aligned along || H and H  but deviate from these directions by the angles ||  and   , respectively (see inset in Fig. 5a ). This deviation results in an asymmetric switching of the spin accumulation (i.e. an abrupt change for PAP but a gradual change for APP) and an asymmetry in the Hanle dephasing peak (see Fig. 5a ,b).
These asymmetries are well reproduced by our model (see The spin accumulation is very sensitive to magnetic fields that are orthogonal to the magnetization direction due to Hanle precession when the spin relaxation time is very long but only when the in-plane magnetic field is close to zero. If there is an in-plane magnetic field, which is large compared to any orthogonal fields, then the spin will precess about the vectorial sum of these fields, so effectively preserving the sign of the spin accumulation (although with a reduced magnitude). In our experiments we use external magnetic fields of either 300 Oe and 300 Oe applied along the easy axis magnetization direction to maintain the P and the AP configurations, respectively.
These fields are much larger than any likely perpendicular magnetic fields. However, the collinear magnetic fields which we use are too small to appreciably affect the with down spins, so that the gap is suppressed, i.e.,  AP  P . a, When eV/2  AP , the tunnel current in the P configuration is smaller than in the AP configuration because of  P eV/2, so that G P G AP and the TMR is negative. b, When eV/2  P , the tunnel current in the P configuration is larger than in the AP configuration because of eV/2 AP , so that G P G AP and the TMR is positive. 
